The structure of slow shocks and intermediate shocks in the presence of a heat conduction parallel to the local magnetic field is simulated from the set of magnetohydrodynamic equations. This study is an extension of an earlier work ͓C. L. Tsai, R. H. Tsai, B. H. Wu, and L. C. Lee, Phys. Plasmas 9, 1185 ͑2002͔͒, in which the effects of heat conduction are examined for the case that the tangential magnetic fields on the two side of initial current sheet are exactly antiparallel ͑B y =0͒. For the B y = 0 case, a pair of slow shocks is formed as the result of evolution of the initial current sheet, and each slow shock consists of two parts: the isothermal main shock and the foreshock. In the present paper, cases with B y 0 are also considered, in which the evolution process leads to the presence of an additional pair of time-dependent intermediate shocks ͑TDISs͒. Across the main shock of the slow shock, jumps in plasma density, velocity, and magnetic field are significant, but the temperature is continuous. The plasma density downstream of the main shock decreases with time, while the downstream temperature increases with time, keeping the downstream pressure constant. The foreshock is featured by a smooth temperature variation and is formed due to the heat flow from downstream to upstream region. In contrast to the earlier study, the foreshock is found to reach a steady state with a constant width in the slow shock frame. In cases with B y 0, the plasma density and pressure increase and the magnetic field decreases across TDIS. The TDIS initially can be embedded in the slow shock's foreshock structure, and then moves out of the foreshock region. With an increasing B y , the propagation speed of foreshock leading edge tends to decrease and the foreshock reaches its steady state at an earlier time. Both the pressure and temperature downstreams of the main shock decrease with increasing B y . The results can be applied to the shock heating in the solar corona and solar wind.
I. INTRODUCTION
Magnetic reconnection provides a fast and effective mechanism for converting magnetic energy to the bulk flow and thermal energy of the plasma. It plays a fundamental role in the corona heating, solar flares, and geomagnetic substorms. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Magnetic reconnection usually takes place at the current sheet that separates two plasma regions having an antiparallel magnetic-field component, such as the current sheets at Earth's magnetopause, magnetotail, and solar corona. Past studies 3, [13] [14] [15] have shown that a series of magnetohydrodynamic ͑MHD͒ discontinuities can be generated by magnetic reconnection. A layered structure which contains several MHD discontinuities and waves is formed in a highspeed outflow region. These different types of MHD discontinuities can be fast shock, slow shock, intermediate shock, rotational discontinuity, tangential discontinuity, and contact discontinuity. 15 , 16 Dungey 17 first introduced the concept of magnetic reconnection in Earth's magnetosphere and hence successfully constructed an open magnetosphere model. Later, a symmetric plasma and coplanar magnetic-field configuration on both sides of the current layer are described in Petschek's reconnection model 3 and in Sonnerup's model. 18 In the coplanar case with equal magnetic-field strength, equal plasma density, and antiparallel magnetic fields on the two sides of initial current sheet, magnetic reconnection is triggered in a small diffusion region where two pairs of slow shocks are generated. 6, 15, 19, 20 In the reconnection layer, which consists of two pairs of slow shocks and two plasma outflow regions, magnetic energy is converted into kinetic energy. For the noncoplanar case with a nonzero B y component, a pair of additional time-dependent intermediate shocks ͑TDISs͒ can be also formed. [21] [22] [23] [24] [25] [26] [27] [28] TDIS allows the rotation of the transverse magnetic field. It has been shown that in dissipative MHD the rotational discontinuity ͑RD͒ cannot exist with a finite width. In the noncoplanar case, it will evolve to a time-dependent intermediate shock and other waves. However the width of TDIS obtained from the simulations expands self-similarly as t 1/2 5,25,29 and the strength of TDIS decreases with time. The TDIS will gradually evolve to a RD, as t → ϱ, with infinite width and equal field strength on the two sides.
In a hot plasma where the heat conduction time scale is comparable to the Alfvén time scale ͑e.g., solar corona and solar wind͒, the heat conduction effects should be considered. The effects of resistivity and thermal conductivity on the critical Mach number shock have been studied. [30] [31] [32] [33] The heat conductivity is mainly associated with electron motions and has two features: anisotropy and nonlinearity. 34 The heat conductivity parallel to the magnetic field is much larger than the perpendicular conductivity, i.e., K ʈ ӷ K Ќ . The parallel conductivity increases with temperature, i.e., K ʈ ϰ T 5/2 . Hence the conductivity is usually a function of space and time and can significantly modify the temperature and pressure in the inflow region of magnetic reconnection. Yokoyama and Shibata 35 studied the effects of heat conduction in two-dimensional magnetic reconnection for solar flares. They found that heat conduction can significantly modify the temperature and pressure in the inflow region of magnetic reconnection. Their results were used to explain the Yohkoh observations of solar flares. 36 In our earlier study, 37 we examine the effects of parallel heat conductivity on the slow shock structure for the initial current sheet with B y = 0. It is found that the slow shock consists of two parts: the isothermal main shock and foreshock. In this paper we extend our earlier study to examine the effects of heat conduction for both B y = 0 and B y 0 cases. For the current sheet with B y 0, the reconnection process develops an additional pair of time-dependence intermediate shocks. The TDIS is mixed with the foreshock of slow shock in the early stage of evolution. A detailed evolution of TDISs and slow shocks and effects of B y and K ʈ on the evolution are examined in the present paper.
II. SIMULATION MODEL
The formation of slow shocks and TDISs in the outflow region for the initial current sheet with B y 0 can be illustrated in Fig. 1͑a͒ , where only the upper x-z plane is shown. The initial current sheet is located in the plane z = 0. The background fluid is initially at rest. After the onset of magnetic reconnection, a reconnected magnetic-field line is formed at the reconnection point X at t = 0. Figure 1͑a͒ shows the magnetic reconnection in x-z plane where B x ͑z Ͼ 0͒ Ͻ 0 and B x ͑z Ͻ 0͒ Ͼ 0, B y = constant, B z = constant. In Fig. 1͑a͒ , the reconnected field line is convected to position x 1 at t = t 1 and position x 2 at t = t 2 . The magnetic disturbance associated with the kink of field lines will propagate, as a pair of TDISs, away from the initial current sheet. As shown in Fig.  1͑a͒ , a pair of TDISs along XI and XIЈ forms in the outflow region. In addition, a pair of slow shocks forms along XS and XSЈ.
TDIS is different from the rotational discontinuity. The direction of magnetic field rotates across TDIS, together with a small reduction of magnetic-field magnitude and a small increase of plasma density. TDIS does not obey the RankineHugoniot conditions since they violate coplanarity. In Petschek's coplanar model, 3 the magnetic-field line is bent at a slow shock. For the noncoplanar case with B y 0 in Fig. 1 , the bending of magnetic-field line is mainly associated with a TDIS to be shown from our simulation. The TDIS generally switches off the B x component, and hence the following slow shock can only reduce the y component of magnetic field. On the other hand, for B y = 0 case the fields across a slow shock are coplanner in x-z plane. 37 The structure of TDISs and slow shocks in the twodimensional ͑2D͒ reconnection configuration can be approximated by the one-dimensional ͑1D͒ initial value problem, i.e., the so-called Riemann problem, 37, 14, 15, 20, 24, 28, 38 as illustrated in Figs. 1͑b͒ and 1͑c͒. Figure 1͑b͒ shows the time evolution of magnetic-field profile ͑B x ͒ in the 1D initial value problem. The initial profile of B x at t = 0 is shown in the bottom part. 1͑c͒ also shows the increase of B y across TDIS due to the rotation of magnetic field.
In our study, we use the following energy equation, which includes a heat conduction term. 37, 39 ‫ץ‬ ‫ץ‬t
where , P, V, and B are, respectively, the mass density, pressure, flow velocity, and magnetic field. The specific heat ratio ␥ is set to be 5 / 3 in our simulations. The term −K · ٌ T denotes the heat flux, where
is the tensor of thermal conductivity, b = B / B and Î is a unit tensor. The perpendicular heat conduction is related to the crossfield particle thermal motion and is much smaller than the parallel conduction. 35, 37, 39 Therefore we set K Ќ = 0 and consider only the parallel heat conductivity term 34 in the following 1D simulation:
In Eq. ͑2͒, m e is the mass of the electron and e is the charge of electron. The plasma parameter ⌳ is defined by ⌳ = ͑3/2͒e −3 ͑k B T͒ 3/2 ͑n e ͒ −1/2 , where n e is the electron number density.
Let the length, magnetic field, and mass density be normalized by the background parameters L 0 , B 0 , and 0 , respectively. The pressure, temperature, and time are then nor- , and ln ⌳ = 20, leading to K 0 =5ϫ 10 3 . The operator splitting method is used to solve above equations. 37, 39 In the splitting procedure, Eq. ͑7͒ is advanced by two steps at each time step. In the first step, we assume there is no heat conduction, i.e., K 0 = 0 in Eq. ͑7͒. The nondissipative energy equation and Eqs. ͑3͒-͑6͒ are advanced over time step ⌬t 1 . In the second step, the effect of heat conduction on the temperature is calculated, while , V, and B are kept unchanged. The temperature diffusion equation splitted from Eq. ͑7͒ can be written as
where and B calculated from the first step remain constant. Time step ⌬t 2 used in the second step is much smaller than the main time step ⌬t 1 . We advance Eq. ͑10͒ m times in each step ⌬t 1 , with
In the simulations, the typical values of m range from 500 to 8000.
The initial profile of magnetic field is set to be
where is the normal angle between the magnetic and z axis, and ϱ denotes the rotation angle of tangential magnetic field with x axis. The subscript ϱ denotes the magnetic field far from the current sheet and ␦ denotes the width of initial current sheet. In our simulations, there are 8000 grid points with uniform grid spacing of ⌬z = 0.5 and the current sheet half-width is set to ␦ = 2.5. The noncoplanar configuration is characterized by a nonzero B y or ϱ . The initial pressure profile is determined from the pressure balance equation P͑z͒ + B 2 ͑z͒ /2= P ϱ + B ϱ 2 / 2, where P ϱ is related to B ϱ by ␤ ϱ = P ϱ / ͑B ϱ 2 /2͒. The initial temperature is assumed to be constant, i.e., T͑z͒ = T ϱ . The density profile can be written as ͑z͒ = P͑z͒ / T ϱ = ϱ P͑z͒ / P ϱ . In the present study, we set the normalized quantities B ϱ = ϱ = 1 and hence P ϱ = ␤ ϱ /2.
III. SIMULATION RESULTS
In this section we first present two cases with B y = 0 and B y 0 to examine the B y effects in the presence of heat conduction. We also simulate many cases with different values of K 0 and B y to examine their effects on the shock evolutions.
A. Coplanar case "B y =0… Figure 2 shows the spatial profiles of , P, T, B, V x , B x , V z , and B y at t = 2000 ͑solid line͒ and 5000 ͑dot line͒ for the B y = 0 case. The initial current sheet is located at the center of simulation domain ͑z =0͒ and the initial parameters are ␤ ϱ = 0.04, = 70°, ϱ = 0, and K 0 = 20 000. A pair of fast rarefaction waves, which have propagated out of the boundary in Fig. 2 , and a pair of slow shocks are formed in the evolution process.
As a result of the fast rarefaction waves, the plasma density and magnetic field are reduced from the ambient values. For the right-hand side, the slow shock is divided into the main shock ͑z Ӎ 220͒ and the foreshock ͑z Ӎ 220− 480͒ at t = 2000. We use symbols a and b to indicate, respectively, the positions of main shock and the leading edge of foreshock in profiles of , T, P, and B x . The main shock and foreshock are positioned by the peaks in ͉d / dz͉ and ͉d 2 T / dz 2 ͉, respectively. The large jumps in , P, B, B x , and V x occur across the main shock. The temperature across the foreshock increases from the far upstream to downstream, while the density remains nearly constant. The jumps satisfy the modified Rankine-Hugoniot ͑R-H͒ relations for the isothermal main shock. 37 In this coplanar case, B y remains null and B x downstream of the main shock is nearly zero, indicating that the slow shock is a switchoff shock.
At t = 5000, the main shock and foreshock on the righthand side are denoted by aЈ and bЈ. Three important features in the temporal evolution of main shock and foreshock have been examined earlier:
37 ͑1͒ the downstream plasma density decreases with time, while the downstream temperature increases with time, ͑2͒ the downstream plasma pressure remains relatively constant in time, and ͑3͒ the plasma temperature in the foreshock region also increases with time. Figure 3͑a͒ plots the downstream density 2 , pressure P 2 , and temperature T 2 as a function of time t for the case shown in Fig. 2. Figure 3͑a͒ shows that the downstream density 2 decreases with time, while T 2 increases with time. After the initial stage the pressure P 2 remains constant with time. The density, temperature, and pressure nearly reach their final steady states when t ജ 10 000. The evolution of 2 and T 2 results from the change of the foreshock state and will be expounded later.
We further examine the propagation of main shock and foreshock. Figure 3͑b͒ plots the positions of main slow shock Z a ͑long-dash line͒ and foreshock Z b ͑dot-dash line͒, and the foreshock width L d ͑short-dash line͒ as a function of time. In our earlier study, 37 the foreshock width,
to increase linearly with time. Figure 3͑b͒ shows that the linear time dependence of L d is valid only in the earlier time with t Ͻ 500. In the previous study, we did not carry out the simulations long enough to reach the stage in which L d remains constant. In the earlier stage, the leading edge of foreshock ͑Z b ͒ moves faster than main shock ͑Z a ͒. For example at t = 300 the propagation speed of Z b is ϳ0.15 and the speed of Z a is ϳ0.12. However, the speed of Z b slows down and the speed of Z a picks up when t ജ 1000. It leads to the slowing down of the growth of L d . Finally, Z a and Z b are found to have the same propagation speed and the foreshock structure tends to reach a steady state with a constant width in the slow shock frame. In Appendix A, we obtain the modified R-H relations ͑A1͒-͑A5͒ in the presence of heat flux. From these R-H relations, we obtain Eq. ͑A6͒ for the density ratio 2 / 1 . Let 
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3 /2͒ be the normalized jump of the heat flux. Figure 4 shows the results obtained from numerical solutions of Eq. ͑A6͒. The figure presents the density ratio 2 / 1 across the slow shock as a function of ␦Q for the upstream shock parameters M A1 = 0.45, ␤ 1 = 0.04, and 1 = 60°. Figure  4 shows that the density ratio 2 / 1 increases with an increasing ␦Q. A larger ␦Q means a larger heat flux leaving the shock front, which leads to a less effective heating ͑a smaller T 2 ͒ and hence a more effective compressing ͑a larger 2 ͒ of the downstream plasma. Now we use the density jump obtained in Fig. 4 to examine the downstream evolution of slow shock in Fig. 3͑a͒ . In the early stage, the upstream temperature gradient ͉‫ץ‬T / ‫ץ‬z͉ at the main shock, or equivalently the jump of heat flux ͓Q͔ or ␦Q is larger, which causes a higher value of 2 / 1 as illustrated in Fig. 4 . As time increases, the thermal diffusion leads to a broader foreshock and hence a decrease of the temperature gradient ͉‫ץ‬T / ‫ץ‬z͉ at the upstream edge of the main shock. This, in turn, leads to a decrease in ␦Q and hence a decrease of 2 .
B. Noncoplanar case "B y Å 0… Figure 5 shows a noncoplanar case with ϱ = 15°, where the other initial parameters are the same as the B y = 0 case. In the right-hand side, the foreshock is ranged from the leading edge Z b ϳ 400 to main shock Z a ϳ 200 at t = 2000 ͑solid lines͒. The rotation of magnetic field at z Ӎ 200− 400 shows the existence of TDIS which is indicated by symbol c. In resistive MHD, the TDISs are present in the B y 0. 21, 22, 24, [26] [27] [28] Our study shows that in the early stage TDIS may be embedded in the foreshock region in the presence of a high thermal conductivity. TDIS can be distinguished from foreshock by examining the current density J x =−dB y / dz. Here the indicator c denotes the position of maximum ͉J x ͉, nearly at the center of broad TDIS structure. At t = 2000, the variation in B y profile shows that a TDIS denoted by c is present at z Ӎ 300 on the right-hand side. The upstream and downstream magnetic fields of TDIS are not coplanar with the shock normal. The rotational angle of tangential magnetic field across TDIS in this case will reach the final value ϳ75°.
At t = 2000, the broadening of TDIS structure is obviously compounded with the foreshock structure of slow shock. We cannot position the leading edge of foreshock from only the magnetic-field profiles. The B x component is switch off across TDIS at position c, while the B y component decreases across the main slow shock at the position a. As time increases, the TDIS switches off the B x component. As a result, the slow shock can only reduce the B y component. Due to the decrease of magnetic field by the additional TDISs, the slow shocks become weaker than those in Fig. 2 . The presence of noncoplanar B y component also results in the decrease of pressure and temperature downstreams of the main shock, and the slowing down of propagation speeds of main shock and foreshock.
At t = 5000 ͑dash lines͒, the sequence aЈ-bЈ-cЈ in the B y profile shows that the TDIS has moved ahead of foreshock region. The TDIS on the right-hand side is located at cЈ ͑z Ӎ 900͒, the main shock is located aЈ ͑z Ӎ 530͒ and foreshock's leading edge is bЈ ͑z Ӎ 800͒. Other important features in the structure of TDIS are ͑1͒ across TDIS the downstream plasma temperature, pressure, and density increase, ͑2͒ across TDIS the downstream magnetic intensity decreases and the B x decreases to zero, and ͑3͒ the rotation of tangential magnetic field across TDIS develops with time and gradually reaches the final value.
The plasma density, temperature, and pressure downstreams of the main shock are plotted as a function of time in Fig. 6͑a͒ . The evolution of downstream 2 , T 2 , and P 2 are similar to that in Fig. 3͑a͒. In Fig. 6͑b͒ , we plot the TDIS position Z c ͑dot line͒ as a function of time, in addition to Z a , Z b , and L d . In comparison with Fig. 3͑b͒ , it is found that the propagation of main shock and foreshock is significantly slower due to the presence of TDIS. The energy shared by TDIS leads to a weaker slow shock and hence a smaller temperature jump across the slow shock. Also, the evolutions of Z a , Z b , and L d are similar to those in Fig. 3͑b͒ .
The propagation of TDIS appears to keep at a constant speed ϳ0.18. Therefore TDIS is initially embedded in the a-b foreshock structure at t Ͻ t int , but moves ahead of the foreshock region at t Ͼ t int , where t int ͑ϳ3000͒ denotes the intersection time for Z b and Z c . We will find that with an increasing ϱ , the propagation speed of Z b decreases and the foreshock width L d reaches the steady-state value at an earlier time. 
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C. Dependence on K 0 and B y
We now examine the effects of heat conductivity for cases with B y 0 ͑ ϱ 0͒. Figure 7 shows the profiles of three cases, which have the same initial configuration with ␤ ϱ = 0.04, = 70°, ϱ = 15°, but with different values of K 0 . The profiles of , T, P, and B y for different values of heat conductivity, K 0 =10 4 , 2ϫ 10 4 , and 6 ϫ 10 4 , are obtained at t = 2000. As K 0 increases, the density downstream of the slow shock increases while the temperature decreases. The foreshock propagates and expands faster with increasing K 0 . On the other hand, the TDIS keeps a constant propagation speed at all times. Hence at t = 2000, the TDIS can be in front of the foreshock for K 0 = 10 000, mixed with foreshock for K 0 = 20 000, and trapped in the foreshock region for K 0 = 60 000. As t → ϱ, the speeds of main shock and foreshock reach constant values. The left column in Fig. 8 shows the intersecting time t int and the corresponding intersection position Z int as a function of K 0 . Both t int and Z int increase linearly with K 0 . Figure 9 plots the profiles of , P, T, B, V x , B x , V z , and B y for different values of initial magnetic-field rotation angle, ϱ = 0°, 15°, 30°, and 60°, at t = 1500. Here the same initial values of ␤ ϱ = 0.04, = 70°, and K 0 = 80 000 are assigned. Figure 9 shows that with an increasing ϱ ͑increasing B y ͒, ͑1͒ both pressure and temperature downstreams of the main shock decrease, ͑2͒ the fast rarefaction wave becomes weaker ͓corresponding to a smaller backward fluid velocity in V z ͑z Ӎ 200-500͔͒ leading to a less perturbed upstream, ͑3͒ the propagation speeds of main shock and the leading edge of foreshock both decrease, and ͑4͒ TDIS moves faster as indicated in the profiles of V x , B x , and B y . Further analyses show that ͑5͒ the rotation angle of magnetic field across TDIS, ⌬, becomes smaller, and ͑6͒ the foreshock width L d reaches a constant value earlier. Note that the results ͑1͒-͑5͒ mentioned above also hold in cases without the presence of a heat conductivity. These results indicate that with increasing ϱ , the magnetic field supplies less kinetic energy to the outflow plasma in the magnetic reconnection, and the final steady states for TDIS, foreshock structure, and main shock are reached at an earlier time.
The right column of Fig. 8 shows the intersecting time t int and the corresponding position Z int as a function of ϱ . Both Z int and t int decrease with increasing ϱ . Hence, the TDIS catches up with the leading edge of the foreshock at an earlier time as the angle ϱ increases. 
082501-7
IV. SUMMARY
We have extended our previous study 37 to examine the effects of B y component and heat conduction in the evolution of an initial current layer. The results can be applied to magnetic reconnection in the solar corona and shocks in the solar wind. The main results are summarized below.
͑1͒ For B y = 0 cases, the structure of each slow shock consists of two parts: the main shock and the foreshock. The foreshock initially expands linearly with time, with a width
With the slowing down of the leading edge of foreshock at a later stage, L d tends to reach a constant value and the foreshock structure reaches a steady state in the slow shock frame. ͑2͒ For B y 0 cases, there appear an additional pair of TDISs, in addition to the main shocks and foreshocks associated with the pair of slow shocks. The TDIS is usually mixed in the foreshock structure in the early stage. The final steady state is reached after TDIS propagates out of the foreshock region. ͑3͒ The TDIS switches off the upstream B x component, and hence the coplanar slow shock can only weaken the magnetic field in the B y component. ͑4͒ With an increasing heat conductivity K 0 , the foreshock propagates and expands faster for both B y = 0 and B y 0 cases. At a given time, the TDIS can be behind, mixed with, or in front of the foreshock region, depending on the value of K 0 . ͑5͒ With an increasing ϱ ͑increasing B y ͒, the pressure and temperature downstreams of the main shock decrease. The propagation speeds of main shock, leading edge of foreshock decrease, but TDIS propagates faster. With an increasing ϱ , the foreshock width L d reaches a constant value earlier and the magnetic-field rotation angle ͑⌬͒ associated with the TDIS becomes smaller.
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APPENDIX A: MODIFIED RANKINE-HUGONIOT RELATIONS WITH HEAT FLUX
The Rankine-Hugoniot ͑RH͒ relations can be used to classify and describe the classical MHD discontinuities. 40, 41 In the presence of heat conduction, Q = −K 0 ͑B z / B͒ 2 T 5/2 ͑‫ץ‬T / ‫ץ‬z͒, the jump conditions across a shock must be modified and can be obtained by integrating Eqs. ͑3͒-͑7͒. In the de Hoffman-Teller frame where V is parallel to B and V y = B y = 0, the modified jump conditions are obtained as follows: With an increasing ϱ , the main slow shock propagates slower, the foreshock expands slow, but the TDIS propagates faster.
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